Intravenous immunoglobulins (IVIgs) are pharmaceutical preparations of human IgG purified from pools of plasma of thousands of donors. For decades IVIgs have been established as treatment of autoantibody-mediated 1 and T-cell-mediated inflammatory disorders. 2 The distribution of IgG subclasses in IVIgs is comparable with that of IgG in normal human serum, however, unlike IgG purified from a single individual, therapeutic IVIg preparations contain substantial amounts of IgG dimers and traces of multimers, due to the idiotype-anti-idiotype complex formation between IgG molecules from different individuals. 3, 4 In general, IVIgs were shown to be effective in conditions in which the immune system is hyperactive, but still the mechanisms of action by which IVIgs correct immune dysregulation are not fully understood. Various reports showed that the mode of actions of IVIgs is multifaceted and complex, involving interference with different components of the immune system. Clinical and immunologic improvements induced by IVIg treatment are reported to be profound and to extend the half-life of infused IgG, suggesting that IVIgs can modify cellular immune reactivity for prolonged periods. 1, 5 Recently, we observed that hyperimmune IVIgs against hepatitis B surface antigen (HBs) protect against acute rejection after liver transplantation, indicating that IVIg treatment can modulate the T-cell-mediated immune response against alloantigens. 6 We and others found that in vitro both anti-HBs IVIgs and nonspecific IVIgs are able to suppress T-cell proliferation and cytokine production, and to impair the allogeneic T-cell stimulatory capacity of monocyte-derived and blood-derived dendritic cells (DCs), [6] [7] [8] [9] demonstrating that IVIgs can suppress T-cell responses both during the priming phase as well as in the effector phase. The importance of DCs as a cellular target of IVIgs in vivo was recently shown in a murine model of immune thrombocytopenic purpura (ITP), in which treatment with IVIgs could be replaced by adoptive transfer of IVIg-treated DCs. 10 With regard to the mechanism by which IVIgs affect DC function, we found that the decreased T-cell stimulatory capacity of IVIg-treated DCs (IVIg-DCs) was associated with induction of cell death in mature DCs. Interestingly, IVIg treatment itself did not induce DC death directly, as the increased death of IVIg-DCs occurred only when cultured with other immune cells (ie, T cells and natural killer [NK] cells). 9 As activated NK cells are capable of killing DCs in a number of circumstances, 11, 12 we hypothesized that NK cells may induce apoptosis of IVIg-DCs during the initial phase of DC-NK-cell encounter (ie, before the T-cell activation).
Introduction
Intravenous immunoglobulins (IVIgs) are pharmaceutical preparations of human IgG purified from pools of plasma of thousands of donors. For decades IVIgs have been established as treatment of autoantibody-mediated 1 and T-cell-mediated inflammatory disorders. 2 The distribution of IgG subclasses in IVIgs is comparable with that of IgG in normal human serum, however, unlike IgG purified from a single individual, therapeutic IVIg preparations contain substantial amounts of IgG dimers and traces of multimers, due to the idiotype-anti-idiotype complex formation between IgG molecules from different individuals. 3, 4 In general, IVIgs were shown to be effective in conditions in which the immune system is hyperactive, but still the mechanisms of action by which IVIgs correct immune dysregulation are not fully understood. Various reports showed that the mode of actions of IVIgs is multifaceted and complex, involving interference with different components of the immune system. Clinical and immunologic improvements induced by IVIg treatment are reported to be profound and to extend the half-life of infused IgG, suggesting that IVIgs can modify cellular immune reactivity for prolonged periods. 1, 5 Recently, we observed that hyperimmune IVIgs against hepatitis B surface antigen (HBs) protect against acute rejection after liver transplantation, indicating that IVIg treatment can modulate the T-cell-mediated immune response against alloantigens. 6 We and others found that in vitro both anti-HBs IVIgs and nonspecific IVIgs are able to suppress T-cell proliferation and cytokine production, and to impair the allogeneic T-cell stimulatory capacity of monocyte-derived and blood-derived dendritic cells (DCs), [6] [7] [8] [9] demonstrating that IVIgs can suppress T-cell responses both during the priming phase as well as in the effector phase. The importance of DCs as a cellular target of IVIgs in vivo was recently shown in a murine model of immune thrombocytopenic purpura (ITP), in which treatment with IVIgs could be replaced by adoptive transfer of IVIg-treated DCs. 10 With regard to the mechanism by which IVIgs affect DC function, we found that the decreased T-cell stimulatory capacity of IVIg-treated DCs (IVIg-DCs) was associated with induction of cell death in mature DCs. Interestingly, IVIg treatment itself did not induce DC death directly, as the increased death of IVIg-DCs occurred only when cultured with other immune cells (ie, T cells and natural killer [NK] cells). 9 As activated NK cells are capable of killing DCs in a number of circumstances, 11, 12 we hypothesized that NK cells may induce apoptosis of IVIg-DCs during the initial phase of DC-NK-cell encounter (ie, before the T-cell activation).
Interactions between DCs and NK cells have been documented in a variety of settings, shedding light on the complexity of the bidirectional interaction between these 2 cell types. Bajenoff et al showed that NK cells are present in the medulla and the paracortex of lymph nodes, where they closely interact with DCs. Upon receiving an inflammatory signal, NK cells interact with DCs and regulate colocalized T-cell responses. 13 Cross talk between DCs and NK cells can result in lysis, inhibition, or maturation of DCs by NK cells, and reciprocally, DCs can activate or inhibit NK-cell functions. The final outcome of DC-NK-cell interaction depends on the conditions in which both cell types encounter each other, 12, 14 and will subsequently determine the development of the following adaptive immune response.
In this study, we investigated the mechanism by which IVIgs modulate the interaction between DCs and NK cells, and how this consequentially shapes T-cell priming. Our observations form the basis of a model to clarify how administration of IVIgs may "cool down" hyperactivity of the cellular immune system for extended periods.
Materials and methods
Approval for this study was obtained from the review board of the Medische Ethische Toetsings Commissie (METC) of the Erasmus MCUniversity Medical Center. Informed consent was obtained in accordance with the Declaration of Helsinki.
Reagents
Human IVIgs (Intraglobin CP) were a kind gift from Biotest Pharma (Dreieich, Germany), and the humanized monoclonal antibody trastuzumab was kindly provided by Roche Pharma (Mijdrecht, The Netherlands). Both preparations were dialyzed against large volumes of culture medium (RPMI) at 4°C using Slide-A-lyzer gamma-irradiated dialysis cassettes (Pierce, Rockford, IL) to remove stabilizing agents and to obtain neutral pH. After dialysis, IgG concentration was determined by the Tina-quant immuno-turbidimetric assay (Roche Diagnostics, Mannheim, Germany). In all experiments, IVIgs were used in a concentration of 10 mg/mL (0.06 M). This is similar to increments in serum IgG concentration in patients treated with IVIgs at 1 to 2 g/kg for autoimmune disorders. [15] [16] [17] To detect binding of IVIgs, biotinylated IVIgs or rabbit F(abЈ) 2 anti-human IgG-FITC (DAKO Cytomation, Glostrup, Denmark) was used. The biotinylation was performed using D-biotinoyl-⑀-aminocaproic acid N-hydroxysuccinimide ester (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions. To exclude that the suppressive effects of IVIgs were due merely to an elevated protein concentration in the cultures, human serum albumin (HSA; Sanquin Research, Amsterdam, the Netherlands) was used as a negative control.
Isolation of immune cells
DCs, NK cells, and T cells were purified from fresh heparinized blood of healthy individuals. After Ficoll density gradient separation and depletion of B cells with CD19-conjugated immunomagnetic beads and separation over large depletion (LD) columns (Miltenyi Biotec, Bergisch Gladbach, Germany), DCs were isolated by positive selection with PE-conjugated anti-CD1c mAb and anti-PE immunomagnetic beads using Medium Separation-columns, as described previously. 6 The purity of DCs (defined as CD1c ϩ CD20 Ϫ cells) as analyzed by flow cytometry was higher than 95%.
NK cells were negatively selected by the NK-cell isolation Kit (Miltenyi Biotec) using LD columns. The purity of NK cells (defined as CD56 ϩ CD3 Ϫ cells) as analyzed by flow cytometry was higher than 95%.
T cells were enriched by immunomagnetic depletion of B cells, monocytes, DCs, and NK cells. From the same healthy blood, donor T cells were also isolated without NK-cell depletion. The cells were labeled with CD19-conjugated immunomagnetic beads, PE-conjugated anti-CD1c mAb (both from Miltenyi Biotec), CD14-PE and/or CD56-PE (both from BD Biosciences, Erembodegem, Belgium), followed by incubation with anti-PE immunomagnetic beads and separation over LD columns. The purified T-cell preparations contained 92% (Ϯ 4%) CD3 ϩ cells and less than 0.3% CD56 ϩ cells. Contaminating cells consisted of granulocytes. The T-cell preparation from which NK cells were not depleted contained 80% CD3 ϩ CD56 Ϫ T cells and 12% CD3 Ϫ CD56 ϩ NK cells.
Effects of IVIgs and NK cells on allogeneic T-cell stimulatory capacity of DCs
If not otherwise mentioned, in all experiments with DCs, immature human blood DCs were stimulated to mature with TNF␣ (25 ng/mL) and IL-1␤ (50 ng/mL) (both from Strathmann Biotech, Hanover, Germany) in RPMI supplemented with penicillin (100 U/mL), streptomycin (100 g/mL), 10% FCS (Hyclone, Logan, UT), and granulocyte macrophage colonystimulating factor (GM-CSF, 500 U/mL; Leucomax, Arnhem, the Netherlands) for 18 hours in the absence or presence of IVIgs or HSA.
To determine the effects of IVIgs on the acquisition of allogeneic T-cell stimulatory capacity of DCs, and the role of NK cells in this process, different numbers of immature blood DCs (5 ϫ 10 3 , 2. To block the Fc␥RIII on NK cells, we added CD16 blocking antibody (clone 5D2; 10 g/mL 18 ), which was kindly provided by Dr M. de Haas (Sanquin Research) to the cultures.
Detection of binding of IVIgs to DCs, DC apoptosis, and NK-cell activation
To detect binding of IVIgs to DCs, DCs were matured in the presence or absence of biotinylated IVIgs for 18 hours in Dulbecco modified Eagle medium (DMEM) supplemented with ultraglutamine with 4.5 g/L glucose (BioWhittaker, Verviers, Belgium), penicillin, streptomycin, 10% FCS, and GM-CSF, TNF␣, and IL-1␤. DMEM was used instead of RPMI, since RPMI contains biotin. After DCs were washed extensively to remove all nonbound IVIg-biotin, biotinylated IVIgs on the DC membrane were detected using streptavidin-APC (BD Biosciences, Erembodegen, Belgium). To detect internalization of IVIg-biotin, first, surface-bound biotinylated IVIgs were detected using streptavidin-PerCP (BD Biosciences). Subsequently, residual-free biotinylated IVIgs on the cell surface were blocked using biotin-blocking reagent (DAKO Cytomation), DCs were fixed and permeabilized with Intraprep permeabilization reagents (Beckman Coulter Immunotech), and intracellular IVIgbiotin was detected using streptavidin-APC. Alternatively, FITCconjugated rabbit anti-human IgG F(ab) 2 was used to detect binding of nonbiotinylated IVIgs on the DC surface.
After maturation, the culture medium was aspirated, DCs were washed 2 times with culture medium, and 2.4 ϫ 10 5 allogeneic or autologous NK cells were added. The DC/NK ratio was 1:6, which is between the ratio used in the mixed lymphocyte reaction performed with 5000 and 2500 DCs ( Figure 1A ). To determine apoptosis of stimulated DCs in these DC-NK cocultures, the number of active caspase-3-expressing CD1c ϩ DCs was determined after 8-hour incubation with allogeneic NK cells by intracellular labeling with anti-active caspase-3-FITC mAb (BD Pharmingen) using Intraprep permeabilization reagents, after membrane labeling with PEconjugated anti-CD1c mAb. Secondly, cell death of DCs at 18 hours of coculture of DCs with NK cells was detected by annexin V-APC staining combined with 7-AAD uptake in CD1c ϩ DC (both BD Biosciences, Heidelberg, Germany) and analyzed by flow cytometry. In addition, we determined the absolute numbers of viable DCs in the cultures at 18 and 48 hours after coculture of mature DCs with allogeneic NK cells by adding a fixed number of Calibrite beads (BD Biosciences) to the cells and determining the ratio of 7-AAD Ϫ DCs to beads by flow cytometry. Absolute numbers of viable DCs were calculated by multiplying this ratio by the absolute number of beads added to the cells. 19 After 48 hours of DC-NK-cell coculture, supernatants were collected for cytokine production, and NK-cell activation was established using CD56-PE, CD69-APC, and CD25-APC (all from BD Biosciences). Degranulation of NK cells was determined in 6-hour cocultures of NK cells and DCs by adding PE-conjugated CD107a mAb (BD Pharmingen) to the cultures, according to the protocol described in the literature. 20, 21 To detect spontaneous degranulation, a control sample of NK cells without DCs was included in all experiments. IFN-␥ concentration in the supernatants was quantified by enzyme-linked immunosorbent assay (ELISA; U-CyTech, Utrecht, the Netherlands).
Effect of IVIg-DCs on NK-cell phenotype
To verify whether IVIg-DCs promote phenotypical changes of NK cells, we cultured 10 4 DCs with 4.8 ϫ 10 5 allogeneic T and 1.2 ϫ 10 6 NK cells (ratio DC/T/NK is 1:48:12), and after 5 days we determined the expression of Fc␥RIII (CD16), natural cytotoxicity receptors (NCRs), killer immunoglobulin-like receptors (KIRs), and lymph node homing chemokine receptors using CD16-PE (clone 3G8), NKG2A-PE, NKp30-PE, CD158a-APC, CD158b-APC (all from Beckman Coulter Immunotech), CXCR3-APC, and CCR7-FITC (both from R&D systems, Minneapolis, MN) on CD56 ϩ CD3 Ϫ cells. We have checked whether IVIgs prevented binding of the 3G8 mAb to NK cells by preincubating NK cells with 10 mg/mL IVIgs at 4°C, and found that 3G8 binding was not affected by IVIgs.
Statistical analysis
In each individual experiment, proliferation and cytokine production were tested in triplicate, from which means were calculated. In the results, means with SD from independent experiments are depicted. Statistical analyses were performed by the Wilcoxon test for paired data or the Student t test for paired data using software package SPSS version 10.1 (SPSS, Chicago, IL) as indicated in the legend. A 2-sided P less than .05 was considered as indicating significant difference.
Results

Impaired allogeneic T-cell priming by IVIg-DCs occurs only in the presence of NK cells
To study whether NK cells were involved in reduction of the capacity of IVIg-treated DCs (IVIg-DCs) to prime allogeneic T cells, we matured DCs by addition of IL-1␤ and TNF-␣ in the presence or absence of 10 mg/mL IVIgs for 18 hours. Then the additions were washed out, and either allogeneic T cells, which contained 12% NK cells, or pure allogeneic T cells, where the NK-cell contamination level was less than 0.3%, were added. When IVIg-DCs were cocultured with allogeneic T and NK cells, their capacity to prime allogeneic T cells was 4-fold impaired (P Ͻ .05, N ϭ 4). However, this effect was not observed when NK cells were absent in the cultures ( Figure 1A ). Using CFSE-labeled cells, it was confirmed that the effect of IVIg treatment on the allogeneic T-cell stimulatory capacity of DCs is dependent on the presence of NK cells, and that the reduced [ 3 H] thymidine incorporation observed in Figure 1A indeed reflected lowered T-cell proliferation ( Figure 1B,C) . To determine whether DCs internalized IVIgs during maturation, we first detected biotinylated IVIgs on the DC surface by streptavidin-PerCP. Thereafter, intracellular biotinylated IVIgs were detected using streptavidin-APC ( Figure 2C ). We observed that 90% (Ϯ 4%) of DCs stained for both streptavidin-PerCP and streptavidin-APC, indicating that IVIgs were present on the surface as well in the cytoplasm of the DCs (N ϭ 3) ( Figure 2C ).
When allogeneic NK cells were cultured with IVIg-DCs, the NK cells induced apoptosis of IVIg-DCs, as shown by increased intracellular expression of active caspase 3 (CTRL-DCs: 7% Ϯ 2%, IVIg-DCs: 14% Ϯ 3%, HSA-DCs: 7% Ϯ 3%, P Ͻ .01, N ϭ 6) after 8 hours of DC-NK-cell encounter ( Figure 3A ). Subsequently, after 18 hours of coculture we observed increased DC death, as indicated by enhanced 7-AAD uptake in IVIg-DCs (CTRL: 17% Ϯ 8%, IVIgs: 33% Ϯ 9%, HSA: 18% Ϯ 6%, P Ͻ .01, N ϭ 9) ( Figure 3B ). The increased DC death was not the result of allogeneic differences, as autologous NK cells were also able to induce enhanced killing of IVIg-DCs (CTRL: 16% Ϯ 9%, IVIgs: 35% Ϯ 10%, HSA: 17% Ϯ 8% 7-AAD ϩ DCs, P Ͻ .05, N ϭ 4). In addition, annexin V staining combined with 7-AAD was performed. The proportion of annexin V ϩ 7-AAD ϩ cells was increased in the IVIg-DC population (CTRL-DCs: 15% Ϯ 6%, IVIg-DCs: 30% Ϯ 15%, P Ͻ .05, N ϭ 6), while the proportion of annexin V Ϫ 7-AAD Ϫ IVIg-DCs was reduced compared with CTRL-DCs (CTRL-DCs: 55% Ϯ 12%, IVIg-DCs: 40% Ϯ 5%, P Ͻ .08, N ϭ 6) ( Figure 3C-D) . To exclude that the effects of IVIg treatment of DCs were specific for DCs stimulated with proinflammatory cytokines, we repeated the experiments with DCs stimulated with LPS. Indeed, IVIg treatment during DC stimulation with LPS resulted in equivalent increases of DC death after addition of NK cells (data not shown).
Furthermore, after 18 and 48 hours of coculture with allogeneic NK cells, we have determined the absolute numbers of viable 7-AAD Ϫ DCs in the cultures by flow cytometry after addition of known numbers of Calibrite beads. After coculture with NK cells, the absolute numbers of viable IVIg-DCs were profoundly reduced compared with CTRL-DCs (18 hours: IVIg-DCs: 2046 Ϯ 1173, CTRL-DCs: 17 181 Ϯ 1266; 48 hours: IVIgs: 968 Ϯ 266, CTRL: 10 318 Ϯ 1363, P Ͻ .05, N ϭ 7) ( Figure 3E ).
IVIg-DCs trigger NK-cell activation, IFN-␥ production, and degranulation
To investigate the effect of IVIg-DCs on NK-cell activation and cytokine production, allogeneic NK cells were cocultured with IVIg-DCs, HSA-DCs, or CTRL-DCs. After 48 hours of coculture, we observed that IVIg-DCs promoted activation of allogeneic NK cells as determined by CD69 expression (CTRL: 29% Ϯ 16%, IVIgs: 81% Ϯ 6%, and HSA: 41% Ϯ 6%, P Ͻ .01, (C) To determine internalization of IVIgs during maturation, biotinylated IVIgs on the DC surface were detected by streptavidin-PerCP. Thereafter, residual-free biotinylated IVIgs on the cell surface were blocked using biotin-blocking reagent, DCs were fixed and permeabilized, and intracellular biotinylated IVIgs were detected using streptavidin-APC. We observed that IVIgs were present on the surface as well in the cytoplasm of the DCs (N ϭ 3) . Numbers on plots are percentage positive cells (Ϯ SD).
3256
THA Figure 4C ). IL-10 production was not detectable in any of the collected supernatants. Again, the increased activation and cytokine production of NK cells were not due to allogeneic differences, since experiments performed with autologous NK cells showed equivalent results (data not shown).
To elucidate whether IVIg-DCs stimulate NK-cell degranulation, we determined the expression of the lytic granule membrane protein CD107a on the NK-cell surface. Approximately 10% of NK cells cultured without DCs spontaneously expressed CD107a, and CTLR-DCs did not induce degranulation above this background. We observed an increased surface expression of CD107a on NK cells only after they had been cocultured with IVIg-DCs (CTRLDCs: 10% Ϯ 4%, IVIg-DCs: 17% Ϯ 5%, HSA-DCs: 10% Ϯ 3%, P Ͻ .05, N ϭ 5) ( Figure 4D ). The enhanced degranulation of lytic granules by NK cells after coculture with IVIg-DCs supports the conclusion that NK cells are responsible for the enhanced killing of IVIg-DCs.
Impaired allogeneic T-cell priming is due to ADCC of IVIg-DCs by NK cells
To investigate whether NK cells recognize IVIg-treated DCs via their Fc␥RIII (CD16), a CD16-blocking antibody (clone 5D2) was added into DC-NK-cell cultures. The increased NK-cell-mediated killing of IVIg-DCs, as assessed by 7-AAD uptake in DCs, was significantly reduced from 37% (Ϯ 7%) to 28% (Ϯ 3%) of CD1c ϩ DCs (P Ͻ .05, N ϭ 5) when the CD16-blocking antibody was added, while CD16 blockade had no effect on NK-cell-mediated lysis of CTRL-DCs and HSA-DCs ( Figure 5A ). In addition, by blocking CD16, more viable IVIg-DCs were present after coculture with NK cells ( Figure 5B ). This indicates that the increased NK-cell-mediated apoptosis of IVIg-DCs by NK cells is largely due to Fc␥RIII-mediated antibody-dependent cellular cytotoxicity (ADCC).
ADCC of IVIg-DCs by NK cells was indeed the main cause of the reduced T-cell priming capacity of IVIg-DCs. When the 5D2 antibody was added to block the Fc␥RIII on NK cells during cocultures of IVIg-treated DCs and allogeneic T and NK cells, the difference in allogeneic priming capacity between IVIg-DCs and CTRL-DCs was almost completely abolished ( Figure 5C ). Again, the impairment in T-cell priming of IVIg-DCs was not the result of allogeneic differences between DCs and NK cells, as autologous NK cells also killed IVIg-DCs from the same donor and reduced the allogeneic T-cell priming. In addition, impairment of IVIg-DC function by autologous NK cells could be abrogated by addition of the 5D2 mAb ( Figure 5D ). Addition of an equivalent concentration of mouse-IgG2a mAb as a control for the 5D2 blocking antibody to the cultures did not restore the impaired T-cell stimulatory capacity IVIg-DCs (data not shown).
IgG multimers, and not monomers, cause ADCC of IVIg-DCs by NK cells
Using the fully humanized and glycosylated monoclonal antibody trastuzumab (HRC), which contains only the complementarydetermining regions of a murine mAb that binds to human epidermal growth factor receptor 2, 22,23 we asked whether human IgG monomers were able to promote DC lysis by NK cells. BLOOD, 1 NOVEMBER 2007 ⅐ VOLUME 110, NUMBER 9
For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From Trastuzumab treatment of maturing DCs (HRC-DCs) did not increase NK-cell activation and DC lysis in cocultures of DCs and NK cells. However, when trastuzumab was aggregated at 63°C for 30 minutes, which induces the formation of IgG aggregates, 24 maturation of DCs in the presence of the aggregated form of trastuzumab promoted DC lysis by NK cells and induced NK-cell activation ( Figure 6A,B) . This observation suggests that the stimulation of the reciprocal interaction between DCs and NK cells by IVIgs is not mediated by IgG monomers present in the therapeutic IVIg preparations, but by IgG multimers and/or dimers. Figure 7A ). Thus, while CTRL-DCs stimulated proliferation of CD56 bright NK cells more strongly than proliferation of CD56 dim cells, IVIg-DCs promoted similar expansion of CD56 bright and CD56 dim NK cells. NK-cell proliferation was not observed in cocultures of DCs and NK cells without T cells, showing that T cells, although dispensable for NK activation, were indispensable for NK-cell proliferation. To dissect differences in cytotoxicity, we harvested NK cells from the cultures, and determined CD107a expression on both CD56 ϩ CD16 ϩ and CD56 ϩ CD16 Ϫ NK-cell subtypes upon PMA/ionomycin stimulation. Indeed, a difference in CD107a expression between the 2 NK subtypes, gained after 5 days of culture with IVIg-DCs and T cells, was detected. The CD16 ϩ subset expresses a higher level of CD107a than the CD16 Ϫ 
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Discussion
The present study unravels the main mechanism of action by which IVIgs hamper the process of T-cell priming by DCs, that is, by inducing antibody-dependent cellular cytotoxicity (ADCC) of IVIg-treated DCs by NK cells. By binding to the DC surface, IVIgs facilitate recognition of mature DCs by NK cells via Fc␥RIII, resulting in activation of the NK cells. These acquire the capacity to kill the IVIg-DCs by ADCC, thereby reducing in numbers the total stimulatory pool of mature DCs. Interestingly, multimers, but not monomers of human monoclonal IgG, could recapitulate the effects of IVIgs in our culture systems, suggesting that IgG multimers and/or dimers in IVIg preparations are the active components that induce NK-cell activation and DC lysis. In addition, IVIg-DCs stimulate the proliferation of NK cells and induce CD56 bright NK cells with lymph node homing properties, which can further shape the adaptive immune response.
Clinically, IVIgs have been shown to be effective for the treatment of a variety of immune-mediated inflammatory diseases, 1 but still their actual mode of action on the cellular components of the human immune system remains unclear. We showed that by modulating the interaction between 2 cell types of innate immune system (ie, DCs and NK cells) IVIgs can affect the development of the linked adaptive immune response.
First, we demonstrated that IVIgs bind to the surface of maturing DCs. Using a blocking mAb for Fc␥RIII, we demonstrated that ADCC of IVIg-DCs occurs due to binding of the Fc-region of cell-bound IgG to Fc␥RIII on NK cells. More specifically, since humanized monoclonal antibody multimers, but not monomers, could recapitulate the effects of IVIgs on DC-NK interaction, death of DCs is induced upon recognition of DC-bound IgG multimers by Fc␥RIII on NK cells. Indeed, binding of immune complexes to Fc␥RIII has been reported to induce target cell lysis by NK cells, through activation via an immunoreceptor tyrosinebased activation motif. 26 CD69 is an early marker for NK-cell activation and was enhanced profoundly when NK cells were cultured with IVIg-DCs. IVIg treatment of NK cells alone was not able to induce the same level of activation of NK cells. Although the matured CTRL-DCs alone were also able to activate NK cells to some extent, which is in agreement with numerous reports, 12,14,27,28 only NK cells activated by IVIg-DCs secreted substantial amounts of IFN-␥ and degranulated their cytotoxic granules. Therefore, both IVIgs and DCs were needed for full NK-cell activation. NK-cell activation and degranulation resulted in killing of the majority of DCs matured in the presence of IVIgs, which could be largely abrogated by Fc␥RIII blockade. Therefore killing of IVIg-DCs is predominantly attributable to ADCC mediated by activated NK cells. Since death of IVIg-DCs was not completely abrogated by CD16 blockade, additional cytotoxic mechanisms may contribute to the profound killing of IVIg-DCs in the presence of NK cells (eg, cytotoxic effect of IFN-␥ produced by the NK cells). 29 So far to our knowledge, this phenomenon has not been described as one of the potential modes of action of IVIgs on the cellular immune system. Supporting our finding, administration of high doses of IVIgs in patients with Kawasaki disease has been reported to increase the numbers of circulating NK cells and to elevate ADCC activity of NK cells. 30 However, this does not exclude that other mechanisms may also contribute to the impaired T-cell stimulatory capacity of IVIg-treated DCs. In a previous study, we observed that IVIg-treated blood DCs, when cultured with T and NK cells, were suppressed in their up-regulation of costimulatory molecules CD40 and CD80. 9 In addition, IVIgs have been shown to suppress differentiation of human monocytes to DCs, and to inhibit maturation of monocyte-derived DCs. 8 Moreover, IVIgs have been shown to induce regulatory activity in murine DCs via activating Fc␥-receptors. 10 However, according to the dramatic effect of CD16 blockade on the T-cell stimulatory capacity of IVIg-DCs ( Figure 5C,D) , we reckon that NK-mediated DC killing is the most important mechanism of action by which IVIgs reduce the T-cell stimulatory capacity of DCs.
In vivo NK cells interact with DCs in lymph nodes and in inflamed peripheral tissues, 13, [31] [32] [33] [34] [35] and the conditions in which DCs and NK cells encounter one another can determine the following T-cell responses. [12] [13] [14] Equipped to perform "DC editing," NK cells can induce killing of immature DCs that fail to undergo proper maturation. Since mature DCs are resistant to lysis by NK cells, this is believed to provide help to create fully potent adaptive responses. 32, 36 However, while performing their DC editing task, NK cells may, upon IVIg therapy, also recognize the mature IVIg-DC as a target cell, as it is fully coated with IgG. In this case, the NK cell may kill the IVIg-coated mature DCs, and thereby reduce the pool of immunogenic antigen-presenting cells migrating from inflamed tissue to the lymph node, or present in the lymph node, and thereby dampen the subsequent T-cell responses.
It is intriguing that our own IgG exerts predominantly proinflammatory properties (eg, as inducer of complement-or cell-mediated cytotoxicity), while high-dose therapeutic IgG treatment has antiinflammatory effects. Our finding that humanized monoclonal IgG caused NK-cell-mediated ADCC of DCs only after heat aggregation may elucidate this discrepancy. We propose that the active anti-inflammatory components in IVIgs are IgG multimers and dimers, which are not present in human serum from one individual, but are formed in plasma pools due to idiotype-anti-idiotype complex formation between IgG molecules from different individuals. 3, 4 This hypothesis is supported by studies that described IgG polymers in commercial IVIg preparations to be the active component in various immune-mediated disease models. 4, 37 In addition, during normal physiological immune responses IgG immune complexes can be formed, which may also stimulate NK-cellmediated lysis of DCs, thereby inhibiting T-cell activation. In this line of thinking, accumulating evidence supports an immune regulatory role of immune complexes in physiological immune responses. In 2 different IVIg-treatable autoimmune disease models in rodents (ie, ITP and arthritis), Siragam et al demonstrated that both small soluble and large particulate immune complexes can mimic the therapeutic effects of IVIg treatment. 38 Recently, it was shown that IgG immune complexes induce an IFN-␥ refractory state in macrophages via binding to Fc␥RIII on their surface, thereby providing a potential mechanism for the immunosuppressive effects of immune complexes in IFN-␥-driven inflammatory responses. 39 Human CD56 bright CD16 Ϫ NK cells (NK bright ) and CD56 dim CD16 ϩ NK cells (NK dim ) are reported to have distinct functions. The NK dim subset exhibits primarily a cytotoxic effector function, whereas NK bright cells can produce immunoregulatory cytokines such as IFN-␥, tumor necrosis factor ␤ (TNF ␤), IL-10, IL-13, and GM-CSF. 40 ,41 Surprisingly, IVIg-DCs stimulated immunophenotypic changes in NK cells resulting in an increased proportion of NK bright cells, with reduced expression of CD16, NKp30, and the KIR receptors CD158a and CD158b, and enhanced expression of the chemokine receptors CCR7 and CXCR3, which can mediate NK-cell migration to secondary lymphoid organs. 31, 42, 43 Together, these immunophenotypic changes confirm the induction of lymph node-type NK cells. 31, 44, 45 To date, the mechanism of action by which IVIg-DCs promote enrichment of the NK bright population is not understood. Since IVIg-DCs stimulate proliferation of NK dim and NK bright cells to a similar extent, the enrichment of NK bright cells is not due to differential expansion. Most likely, it is due to differentiation from NK dim cells. NK bright cells maintain interactions with DCs in lymph nodes for extended periods and are not cytotoxic, but have immunomodulatory functions. 13, 34, 46 Induction of NK bright cells may, therefore, constitute a mechanism of action by which immunomodulatory effects of IVIg treatment remain after IVIgs have been cleared. Therefore, we speculate that in vivo IVIg treatment exerts its effect on cellular immunity by affecting NK-DC cross talk. An immediate immunosuppressive effect is caused by promoting the interaction between cytotoxic NK dim cells and DCs resulting in killing of mature DCs. This is expected to occur mainly in inflamed nonlymphoid tissues. 35 Recent evidence confirms that NK cells can prevent immune activation in vivo. NK cells regulated T-cell priming in a skin transplant model by killing donor antigenpresenting cells, 47 and NK-cell alloreactivity after hematopoietic stem cell transplantation from unrelated donors is associated with decreased incidence of graft-versus-host disease. 48, 49 In light of our findings, we propose a model to clarify how administration of IVIgs may dampen hyperactivity of the cellular immune system for extended periods. IgG multimers and dimers present in IVIg preparations stimulate NK-cell-mediated ADCC of mature DCs, and thereby prevent proper T-cell priming. This model also has physiological relevance, in that it predicts that immunoglobulin-antigen immune complexes may contribute to the termination of the T-cell responses during clearance of infections and to maintaining tolerance to self-antigens. As immune complexes emerge at the end of the humoral responses, physiological immune complexes as well as immune complexes in IVIg preparations may be the essential element that contributes to the termination or "cooling down" of the immune system after prolonged activation.
